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modulating vital CNS functions, such as 
voluntary movement. In Parkinson's dis-
ease (PD) patients, dopamine releasing 
(dopaminergic) neurons in the CNS are 
dysfunctional or dying, causing a lack of 
dopamine in the target territories, which 
leads to impaired motor functions. [ 1 ]  One 
of the suggested therapeutic approaches 
to restore dopamine production in PD 
patients is transplantation of cells that 
acquire dopaminergic phenotype (cell 
replacement therapy, CRT) in the brain 
of these patients. [ 1,2 ]  Intensive research is 
ongoing to evaluate the potentials of dif-
ferent cellular precursors, such as embry-
onic (ESC), induced pluripotent (iPSC), 
and fetal neural stem cells (NSC), each 
type having both advantages and disad-
vantages. NSCs from fetal mesencephalon 
are considered to provide a sustainable 
source of transplantable cells becoming 
dopaminergic neurons [ 2 ]  associated with 
lower tumorigenicity than, e.g., ESCs and 

iPSCs. [ 1 ]  An important goal is that a large fraction of the NSCs 
acquire dopaminergic phenotype while minimizing the forma-
tion of other type of neurons and glial cells. To standardize and 
enhance differentiation of NSCs to dopaminergic neurons in 
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  1.     Introduction 

 Dopamine, a member of the catecholamine family, acts as 
a neurotransmitter in the central nervous system (CNS), 
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in vitro studies, cell signaling and gene expression are con-
trolled using, for example, neurotrophic factors [ 3,4 ]  (hereafter 
referred to as differentiation factors, DF), as well as genetic 
modifi cations. [ 4,5 ]  Expansion of the cell populations, while sup-
pressing differentiation, is achieved using different growth fac-
tors (GF). 

 Typically, NSC studies rely on two-dimensional (2D) cultures 
on commercial tissue culture polystyrene (TCPS). Properties 
of the differentiated NSCs are determined by indirect means 
using, for instance, immunocytochemistry (ICC), quantitative 
real-time PCR (qPCR) and Ca 2+  imaging, which only show the 
appearance of intermediate biomarkers. [ 4,6,7 ]  In the case of dif-
ferentiation to dopaminergic neurons, the released dopamine 
is typically quantifi ed by high performance liquid chromatog-
raphy (HPLC) analysis in collected culture medium samples. [ 4,6 ]  
To date, differentiation of human NSCs (hNSC) in the presence 
of DF has yielded maximally about 17–18% of dopaminergic 
neurons in entire populations of hNSCs, whereas without the 
application of DF only about 2% of the cells are showing dopa-
minergic properties. [ 4,5 ]  Confi rmation of true dopaminergic 
phenotype of hNSC-derived neurons requires, however, real-
time detection of the actually released dopamine upon depolari-
zation (exocytosis), which is only possible by electrochemical 
detection. Real-time detection of dopamine exocytosis has been 
demonstrated on single cells and cell populations belonging 
to different model cell lines, for example, pheochromocytoma 
(PC12) cells, releasing catecholamines, the most abundant of 
which is dopamine. [ 8 ]  Exocytosis measurements have been con-
ducted using either carbon fi ber microelectrodes (CFME) [ 9,10 ]  
or planar (2D) microelectrode chips. [ 11–14 ]  However, to our best 
knowledge, no studies have reported electrochemical real-time 
detection of dopamine released by depolarized hNSCs. 

 Novel materials, structures and tools are therefore essential 
for the fi eld of stem cell research and CRT to boost and guide 
differentiation to specifi c neuronal lineages, as well as to facili-
tate real-time evaluation of the fate of NSC-derived neurons. 
A range of different materials [ 15,16 ]  is currently being explored 
for building three-dimensional (3D) scaffolds for tissue engi-
neering and biomedical research. The 3D environment is envis-
aged to provide a better mimic of the natural in vivo environ-
ment, leading to more physiologically realistic and reliable 
biomedical research tools than currently used standard 2D 
formats. [ 17,18 ]  Polymeric microtowers [ 18 ]  and superhydrophobic 
silicon micropillars [ 19 ]  have proven to provide an optimal 3D 
microenvironment for neuron-astrocyte co-cultures, promoting 
formation of neuronal networks. 3D peptide nanowire scaffolds 
have boosted rodent stem cell differentiation into dopaminergic 
phenotype. [ 6 ]  In a longer perspective, 3D scaffolds will be the 
key to building artifi cial tissues, organs, and implants, [ 16 ]  which 
can provide new possibilities for CNS regeneration and specifi -
cally CRT. 

 Conductive 3D scaffolds have emerged, providing both 
structural support and means to electrically stimulate and/or 
monitor a cell population. [ 20–23 ]  They are of particular interest 
in neuroscience due to the inherent neuronal electroactivity. 
Although carbon nanomaterials, for example, carbon nano-
tubes (CNTs) and graphene, are highly conductive, their advan-
tages have been primarily demonstrated as 2D scaffolds/sub-
strates for neuronal and neural stem cell cultures. CNTs have 

been shown to increase the activity of neuronal networks, [ 24 ]  
direct the differentiation of progenitor and stem cells toward 
specifi c neuronal lineages, and facilitate stimulation of differ-
entiated NSCs. [ 25 ]  During long-term culturing, graphene has 
been shown to promote hNSC differentiation to neurons upon 
removal of GF. [ 26 ]  Recently, graphene foam has been presented 
as a conducting 3D culture environment and found excel-
lent for growth, differentiation, and electrical stimulation of 
NSCs. [ 22 ]  

 The fabrication of pyrolysed carbon structures from polymer 
precursors was pioneered already in the 1970s. [ 27 ]  Since then, 
micro- [ 28–30 ]  and nanometer-sized [ 29–31 ]  pyrolysed carbon struc-
tures have emerged for various applications, for instance, 
biosensors, [ 32 ]  microbatteries, [ 29 ]  cell culture substrates. [ 33 ]  A 
number of advantages can be envisaged that make pyrolysed 
carbon an ideal material for constructing conducting 3D scaf-
folds for cell and tissue engineering: 1) Organized [ 29 ]  and 
random [ 34 ]  structured scaffolds can be fabricated in a simple 
process at small or semi-large scale with high reproducibility 
and high yield as well as cost-effectiveness. Micro/nanostruc-
tures can be placed in precisely defi ned locations without 
restrictions in shape or cross section and the features and 
scale depend on the process used for structuring the polymer 
precursor. [ 29 ]  2) By changing the chemical composition of the 
polymer precursor and pyrolysis conditions, carbon conduc-
tivity can be tailored. [ 28,35 ]  3) Similarly, the mechanical proper-
ties of the scaffold can be tuned [ 29 ]  to match the stiffness cells 
experience in vivo. [ 36 ]  This fabrication fl exibility provides pos-
sibilities for mass production, facilitating novel custom-made 
designs with unique properties to support various biomedical 
and pharmaceutical applications. 

 Here, we report for the fi rst time fabrication of dense, high-
aspect ratio (HAR∼8), conducting pillar arrays of pyrolysed 
carbon, forming 3D scaffolds (p3D-carbon) with pillar dia-
meters approaching the resolution limit of standard UV-lithog-
raphy. The unique properties of pyrolysed carbon (fl at carbon 
surfaces as control) and the p3D-carbon scaffolds are demon-
strated using clinically relevant hNSCs that have been devel-
oped for CRT of PD and previously tested in transplantation 
into a rat model of PD. [ 4 ]  Even in the presence of GF, without 
introduction of DF, the pyrolysed carbon induces spontaneous 
differentiation of hNSCs to dopaminergic neurons with a to 
date unseen effi ciency in both 2D and 3D. [ 6 ]  We present the 
fi rst demonstration of electrochemical real-time detection of 
dopamine exocytosis from populations of hNSC-derived neu-
rons indicating that they have acquired truly dopaminergic phe-
notype. In the conceptually new approach presented here, the 
p3D-carbon has three signifi cant functions: 1) Mechanical sup-
port for hNSC growth and differentiation, the pillars serving 
as anchor points for neurites, facilitating formation of neu-
ronal networks. 2) The pyrolysed carbon material itself serves 
as a next-generation substrate for biomedical devices [ 37 ]  that 
not only facilitates but signifi cantly enhances differentiation 
of hNSCs to dopaminergic neurons. 3) A 3D neurotransmitter 
trap, enabling electrochemical detection of a larger fraction of 
the dopamine released by the hNSC-derived neurons than what 
is possible on conventional 2D electrode substrates (compare 
the schematic presentation of dopamine detection on 2D and 
3D carbon surfaces in  Figure    1  ). 
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    2.     Results and Discussion 

  2.1.     Design and Fabrication of p3D-Carbon 

 p3D-carbon was fabricated using pyrolysis by carbonizing poly-
meric micropillar scaffolds patterned in SU-8 (3D-SU8), an 
epoxy-based negative photoresist. 3D-SU8 ( Figure    2  a) was fabri-
cated using two-step photolithography, involving deposition and 
crosslinking of a fl at SU-8 layer and then patterning a second 
SU-8 micropillar layer on top (Supporting Information S1), 
as previously described. [ 38 ]  During pyrolysis, SU-8 decomposi-
tion (gas evolution and aromatization) leads to weight loss and 
densifi cation, [ 27 ]  resulting in ≈50% isometric shrinkage of the 
3D-SU8 scaffold. The 3D-SU8 was patterned on silicon wafers 
to form arrays of four scaffolds (each having the foot print of 
4 mm × 4 mm) located in the center of chips with dimension 
22 mm × 22 mm. 3D-SU8 pillar dimensions were designed to 
have certain characteristic features: 1) Suffi cient pillar height 
to allow cell growth in a 3D environment within the scaffolds 
and create a trap for detecting most of the released dopamine. 
2) Different pillar diameters and spacings, allowing investiga-
tions of how cells migrate, fi nd residence and differentiate with 
different constraints. 

    2.2.     Characterization of Pyrolysed Carbon Surface 
Properties—Suitability for hNSCs Studies 

 Wettability, topography and roughness affect behavior of cells 
on different materials. [ 39 ]  Cell adhesion, spreading, prolif-
eration and differentiation (e.g., neurite formation) of anchor 
dependent cells are often less pronounced and delayed on 
strongly hydrophobic/hydrophilic substrates. [ 40 ]  Pyrolysed 
carbon can be functionalized to improve wettability and 
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 Figure 1.    Schematic view of dopamine sensing from hNSCs using pyro-
lysed carbon structures: a) Traditional measurement mode on a 2D sub-
strate where only a fraction of dopamine reaches the electrode surface 
and can be detected, while most of the released dopamine diffuses away 
without being detected. b) New approach using p3D-carbon where the 
cells differentiate at the bottom or between pillars that therefore function 
as dopamine traps, allowing detection of a larger fraction of the released 
dopamine than on a 2D substrate (a).

 Figure 2.    Representative scanning electron microscopic (SEM) images 
of 3D-scaffolds. a) 3D-SU8 having pillars with 3-µm diameter and 22-µm 
height. b) p3D-carbon obtained after pyrolysis of the 3D-SU8 in (a). The 
SU8 pillar diameter and height shrank to 1.4 µm and 11 µm, respectively. 
The inter-pillar spacing increased from 3 µm to 4.6 µm. Scale bars in 
(a,b): 5 µm.
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biocompatibility. [ 41,42 ]  Plasma-induced increased wettability has 
shown to improve neuron adhesion, spreading, and growth, [ 43 ]  
as well as nerve growth factor-induced differentiation of PC12 
cells. [ 40 ]  Here, oxygen plasma-treatment was employed for 
enhancing wettability of p3D-carbon and fl at carbon, followed 
by characterization of surface chemistry, wettability, as well as 
adhesion and proliferation of hNSCs. 

 XPS spectra of untreated and oxygen plasma-treated fl at 
carbon ( Figure    3  a) show a striking increase in oxygen to 

carbon content ratio (O/C) from 0.022 ± 0.002 to 0.297 ± 0.001 
(average ± s.d.,  n  = 3), resulting in increased surface energy. [ 40 ]  
The pyrolysed carbon wettability was further investigated using 
contact angle (CA) measurements (Figure  3 b). The CA on 
untreated p3D-carbon is higher than on fl at carbon surfaces 
(93° ± 2 (1.4-µm pillars), 59° ± 4 (5.1-µm pillars) and 43° ± 1 
(fl at); average ± s.e.m,  n  = 4), as expected for micropatterns. [ 43 ]  
Plasma treatment dramatically decreases the CA on all struc-
tures to values below 20°, indicating increased hydrophilicity 
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 Figure 3.    a) Characteristic XPS survey spectra of fl at carbon before and after oxygen plasma-treatment. The appearing peaks correspond to C 1s  (285 eV) 
and O 1s  (532 eV). b) Static contact angle measurements on fl at carbon (fl at) and p3D-carbon (1.4-µm and 5.1-µm pillars). The error bars represent 
s.e.m.;  n  = 4 for all carbon structures. c–g) Representative bright fi eld images of hNSCs cultured in the presence of growth factors (GF) (48 h) on 
c) untreated, d) oxygen plasma-treated, e) PLL-coated, f) oxygen plasma-treated and PLL-coated fl at carbon surfaces, and g) PLL-coated TCPS. h,i) 
Representative confocal fl uorescence images of immunocytochemistry for tyrosine hydroxylase (red: Alexa Fluor 488), β-tubulin (III) (green: Alexa Fluor 
568 goat) and nuclei (blue: TO-PRO-3) in hNSCs cultured in the presence of GF (48 h) on h) PLL-coated TCPS and i) oxygen plasma-treated and PLL-
coated fl at carbon surfaces. Scale bars in (g,h): 40 µm. j) Characteristic cyclic voltammograms of dopamine (5 m M ) in PBS (pH 7) on a p3D-carbon 
(1.4-µm pillars) before and after oxygen plasma-treatment (V vs Ag/AgCl pseudo-reference electrode; potential sweep rate 50 mV s −1 ). Scale bar: 5 µA.
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(wettability). [ 44 ]  This is attributed to carbon oxidation rather 
than increased surface roughness, as AFM imaging indicates 
(Supporting Information S2).  

 hNSCs require adhesion factors, for example, poly L-Lysine 
(PLL), to adhere, grow and differentiate on TCPS. [ 4 ]  Two types 
of fl at pyrolysed carbon samples (untreated and plasma-treated) 
were tested with and without PLL-coating for their ability to pro-
mote hNSC adhesion, spreading and growth (Figure  3 c–f). The 
results were compared with hNSCs grown on PLL-coated TCPS 
(Figure  3 g). Plasma-treatment combined with PLL-coating is 
clearly most effective (Figure  3 f), resulting in a uniform cell dis-
tribution and well-defi ned cell morphology (compare Figure  3 g). 
Although hNSCs grow well on PLL-coated carbon (Figure  3 e), 
the cell morphology and clustering indicates that PLL adhe-
sion directly on carbon is not optimal. On untreated or plasma-
treated (Figure  3 d) carbon without PLL, hNSCs adhere poorly, 
forming clusters without spreading and acquiring proper mor-
phology. Oxygen functionalities after plasma-treatment provide 
anchoring points for improved physisorption of PLL mediating 
cell adhesion. This demonstrates that SU-8-derived carbon can 
easily be modifi ed enabling hNSC studies.  

  2.3.     Dopamine Detection on Pyrolysed Carbon Structures: 
Flat Carbon vs p3D-Carbon 

  2.3.1.     Dopamine Electrochemistry 

 Despite the differences in conductivity, various carbon materials 
have been used for dopamine electrochemistry, for example, 
nitrogen-doped diamond-like carbon (9.4 × 10 −3  Ω m), [ 45 ]  
boron-doped diamond [ 46 ]  (0.5–1.0 × 10 −3  Ω m), [ 47 ]  glassy 
carbon [ 48 ]  (GC) (1–8 × 10 −5  Ω m), [ 49 ]  and basal plane graphite [ 46 ]  
(2.5–5.0 × 10 −6  Ω m). [ 50 ]  The electrical properties of pyrolysed 
carbon depend on many parameters, including viscoelasticity 
and chemical composition of the precursor polymer, [ 35 ]  fabri-
cation method, [ 29 ]  as well as pyrolysis temperature [ 35,51,52 ]  and 
atmosphere. [ 51 ]  In our study, the resistivity of the pyrolysed 
carbon was found to be 1.6 ± 0.3 × 10 −4  Ω m (average ± s.e.m., 
 n  = 9), similarly as previously reported for carbonized SU-8 
(5–7 × 10 −4  Ω m). [ 52 ]  As shown previously, dopamine detec-
tion can be performed on different carbon electrode materials 
having varying degree of conductivity affecting the kinetics. [ 46 ]  

 As shown above (Section 2.2), SU-8-derived carbon requires 
oxygen plasma-treatment in preparation for hNSC applica-
tions. Due to this, we specifi cally characterized the behavior 
of dopamine electrochemistry before and after oxygen plasma-
treatment. Cyclic voltammetry (CV) was used to investigate 
dopamine electrochemistry on fl at carbon and p3D-carbon. 
Figure  3 j shows CVs for p3D-carbon (1.4-µm pillars). The 
redox behavior is quasi-reversible before and after plasma treat-
ment. However, both anodic and cathodic peak current clearly 
increased after plasma-treatment. Similar results were obtained 
for both fl at- and p3D-carbon (5.1-µm pillars). The observed 
current increase can be explained by: 1) Optimal orientation 
of electroactive OH-groups of dopamine is mediated by the 
hydrogen bonding capability of carbonyl and carboxyl function-
alities at plasma-treated carbon surfaces, thereby improving the 
sensitivity for dopamine similarly as described for chemically 

modifi ed metal electrodes [ 12,14,53 ]  and GC with hydrogen 
bonding sites. [ 48 ]  2) The effect of plasma-treatment is more 
substantial on p3D-carbon compared to fl at carbon (result not 
shown). This is attributed to increased exposure of the pillar 
surface to dopamine due to enhanced wettability. This demon-
strates that SU-8-derived p3D-carbon is suitable for dopamine 
electrochemistry.  

  2.3.2.     Monitoring of Dopamine Exocytosis from Cell Populations 

 The suitability of p3D-carbon for monitoring dopamine exocy-
tosis from populations of growing and differentiating cells was 
fi rst investigated using PC12 cells. Growth (24 h) and differ-
entiation (120 h) of PC12 cells were performed in parallel on 
oxygen plasma-treated and laminin-coated chips with different 
carbon structures (fl at carbon and p3D-arbon). An individual 
cell population was cultured in each of the four quadrants 
of a chip having the footprint of 4 mm × 4 mm (Supporting 
Information S5 and S6).  Figure    4  a shows a typical current-time 
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 Figure 4.    a) A characteristic current-time trace recorded during ampero-
metric detection of dopamine released by a population of growing PC12 
cells on oxygen plasma-treated and laminin modifi ed fl at carbon, when 
the cells were depolarized by elevated K +  concentration. Time scale bar, 
1 min. The arrow indicates the time of addition of high-K +  buffer (KCl). 
b) Calculated average charge related to the amount of detected dopamine 
released by growing (24 h) and differentiating PC12 cells (120 h) on fl at 
carbon surfaces and p3D-carbon (1.4-µm and 5.1-µm pillars). Error bars 
represent s.e.m.;  n  = 4 for fl at carbon surfaces and n = 6 for each type of 
the p3D-carbon.
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trace recorded during K + -induced dopamine exocytosis from a 
population of growing PC12 cells. The current represents the 
sum of responses related to oxidation of dopamine released 
from individual fusing vesicles upon membrane depolarization. 
Performed control experiments clearly show that the recorded 
current is not caused by ionic current artefacts due to fl uid 
addition or cell movement on the carbon surfaces (Supporting 
Information S4).  

 Similarly to the current originating from single-cell exo-
cytosis measurements, [ 54 ]  the amount of signaling substance 
(ultimately number of molecules) detected/released by a cell 
population can be determined by integrating the recorded cur-
rent. [ 14 ]  The results for populations of growing and differen-
tiating PC12 cells (Figure  4 b) show clear trends. The average 
charge is signifi cantly higher for 1) p3D-carbon than for fl at 
carbon surfaces, 1.4-µm pillars yielding the highest charge, 
and 2) for growing PC12 cells compared to differentiating 
cells irrespective of carbon topography. Although the p3D-
carbon has larger surface area compared to fl at carbon (for 
5.1-µm and 1.4-µm pillars the increase in surface area is 1.6- 
and 1.9-fold, respectively), it does not explain the fi rst trend, 
that is, the higher electrochemical response, since the cell 
population on the different carbon structures had the same 
number of cells. It is more likely that the p3D-carbon serves 
as an effi cient dopamine trap. When dopamine is released 
in a p3D-carbon scaffold, the mole cules encounter the sur-
rounding carbon pillars (Figure  1 b), leading to oxidation of a 
larger number of molecules than on fl at carbon where most of 
the molecules diffuse away without being detected (Figure  1 a). 
This effect is more pronounced for the 1.4-µm pillars due 
the more densely structured scaffold, that is, less distance 
between pillars, and higher likelihood that a dopamine mole-
cule will encounter a pillar and be oxidized. The second trend 
is in accordance with previous reports [ 10,55 ]  and is due to the 
change in location of the exocytotic zones in differentiating 
PC12 cells (from the cell body to the neurite-like structures). 
The above results demonstrate that the p3D-carbon, aside 
from being suitable for detection of exocytotic events and dis-
criminating biological differences between cell populations, 
provides a signifi cantly more effi cient detection possibility due 
to the 3D environment.   

  2.4.     Infl uence of Pyrolysed Carbon Structures on hNSCs 

 Previous studies, using microtowers (250 µm high and 200 µm 
in diameter) [ 18 ]  and micropillars (10 µm high and 10 µm in 
diameter) [ 19 ]  to defi ne a 3D environment for neuronal cultures, 
have shown the enhancement of neurite growth and formation 
of neuronal networks. Graphene was shown to promote dif-
ferentiation of hNSCs to neurons when GF (fi broblast growth 
factor, FGF; epidermal growth factor, EGF) were removed from 
the medium. [ 26 ]  In our study, the goal was to direct the fate 
of hNSCs to dopaminergic neurons. In order to differentiate 
between the possible effect of pyrolysed carbon itself and the 
3D environment provided by the p3D-carbon, the behavior of 
hNSCs was fi rst characterized on fl at pyrolysed carbon surfaces 
and compared with cells on TCPS. 

  2.4.1.     Infl uence of Pyrolysed Carbon Material 

 Indirect means are usually used to confi rm neural and dopa-
minergic phenotype of differentiated hNSCs, such as ICC for 
tyrosine hydroxylase (TH; the rate-limiting enzyme for catecho-
lamine synthesis) and β-tubulin (III) (an indicator of neural 
cytoskeleton development). [ 4,5,56 ]  Previously, for the hNSCs 
studied here, the highest obtained percentage of TH-positive 
(TH + ) cells without and with DF was ≈2 and 17–18% on PLL-
coated TCPS, respectively. [ 4,5 ]  A recent report indicates that 
pyrolysed carbon seems to enhance neurite outgrowth of neu-
roblastoma cells. [ 33 ]  Here, the infl uence of pyrolysed carbon on 
dopaminergic properties of hNSCs was initially characterized 
using ICC for TH and β-tubulin (III). hNSCs were cultured for 
48 h in the presence of GF on oxygen plasma-treated PLL-coated 
fl at carbon to see if the carbon material itself has any ability to 
induce dopaminergic properties in hNCSs without introducing 
DF. hNSCs cultured on PLL-coated TCPS were used as control. 
Figure  3  shows confocal fl uorescence images of hNSCs cul-
tured on TCPS (h) and on carbon (i). Cell growth on carbon is 
accompanied by a previously unseen increase in the percentage 
of TH +  cells to 75 ± 9% as compared with 2.5 ± 0.6% on PLL-
coated TCPS (average ± s.d.,  n  = 5; Supporting Information S3). 
Moreover, the presence of β-tubulin (III) is more pronounced 
in cells growing on carbon. The result clearly indicates that 
pyrolysed carbon rapidly induces spontaneous differentiation of 
hNSCs even when the cells are cultured in the presence of GF 
unlike, for instance, graphene which induces differentiation of 
hNSCs during long-term culturing after removal of GF. [ 26 ]  Our 
result may have important implications for fi nding new mate-
rials and improved protocols for effective implementation of 
CRT as a treatment for PD.  

  2.4.2.     Infl uence of the 3D Environment of p3D-Carbon 

 In order to evaluate the infl uence of the 3D environment of 
p3D-carbon on differentiation of hNSCs, especially in terms of 
dopaminergic properties, we expanded the initial experimental 
study presented above (Section 2.4.1.) to include culturing in 
the presence of DF. The infl uence of pyrolysed carbon mate-
rial (fl at structures) was compared to that of p3D-carbon using 
a combination of SEM and confocal fl uorescence imaging 
(ICC for TH and counterstaining of nuclei). SEM images in 
 Figure    5  b-c show hNSCs cultured for 48 h in the presence of 
GF on the different p3D-carbon structures. The pillar topog-
raphy clearly leads to formation of elongated neurites, which 
are using the pillars as anchoring points. These elongated 
neurites are not observed on fl at carbon (Figure  5 a). Confocal 
images, on the other hand, show that the hNSCs growing in 
the absence of differentiation inducing conditions effectively 
become TH +  (75–82%; details in Supporting Information S3) 
on all surfaces (Figure  5 d–f).  

 Comparing SEM images of hNSCs cultured in the pres-
ence of GF (Figures  5 a–c) and DF (Figures  5 g–i), the neurite 
elongation is in all cases more prominent after hNSCs have 
been exposed to DF, and most signifi cantly so for the 1.4-µm 
pillars. Visual inspection of confocal images (Figure  5 j–m) 
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 Figure 5.    Characterization hNSCs cultured in the presence of growth factors (GF-conditions; 48 h) and differentiation factors (DF-conditions; 10 days): 
a–c,g–i) Representative SEM images for GF- (a–c) and DF-conditions (g–i) on fl at carbon (a,g), 5.1-µm (b,h), and 1.4-µm (c,i) p3D-carbon. Inset of (i): 
magnifi cation of hNSCs interacting with carbon pillars. Scale bars: 20 µm (a,g) and 10 µm (b,c,h,i,inset of i). d-f,j-m,q) Representative confocal fl uo-
rescence images showing immunocytochemistry of tyrosine hydroxylase (red: Alexa Fluor 488), and counterstaining of nuclei (blue: TO-PRO-3) for GF- 
(d–f) and DF-conditions (j–m,q) on fl at carbon (d,j), 5.1-µm (e,k), and 1.4-µm (f,l,m) p3D-carbon as well as on TCPS (q). Scale bars, 40 µm (d–f,j–l,q), 50 
µm (m). n) Calculated average charge related to the amount of detected dopamine released by hNSCs GF- and DF-conditions on fl at carbon surfaces and 
p3D-carbon (1.4-µm and 5.1-µm pillars). Error bars represent the standard error of mean,  n  = 4 for the fl at carbon surfaces and  n  = 6 for each type of p3D-
carbon. o) Representative confocal fl uorescence images of cytosolic Ca +   in hNSCs under DF-conditions (basal level, I; depolarized cells, II). III) Changes in 
Ca 2+  level are shown as the fl uorescence intensity ratio at 340 nm and 380 nm excitation. The arrows indicate the time of addition of high-K +  buffer (KCl). 
p) Characteristic current-time trace recorded during amperometric detection of dopamine from a population hNSCs under DF-conditions on a fl at carbon 
surface upon multiple K + -induced depolarization steps. The arrows indicate the time of addition of high-K +  buffer (KCl). Time scale bar (o-III, p), 2 min.
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of cells exposed to DF (Figure  5 m shows hNSCs at the inter-
face between 1.4-µm pillar scaffold and the surrounding fl at 
carbon surface illustrating the distinction between cells in a 
3D environment and on a fl at surface; upper panel: top view, 
lower panel:  xz / yz -plane) indicates that the number of TH +  
cells has increased compared to cells without introduced DF 
(Figures  5 d–f). This can be explained by the fact that the total 
number of cells has increased since the proliferation of hNSCs 
does not completely stop during the fi rst few days of differen-
tiation, which is in accordance with previous studies. [ 56 ]  How-
ever, the cell population means of TH +  hNSCs exposed to DF 
(73–75%) was found not to be statistically different from cells 
cultured in the absence of DF (two-way ANOVA,  α  = 0.05,  p  = 
0.163; details in Supporting Information S3). This can be com-
pared to 24 ± 2% (average ± s.d.,  n  = 5) of TH +  hNSCs on TCPS 
in the presence of DF (Figure  5 q). These observations confi rm 
that the carbon material defi nitely induces dopaminergic prop-
erties and show that the primary effect of 3D environment 
seems to be an enhancement of neurite elongation and forma-
tion of neuronal networks, which is in accordance with the pre-
sented fi ndings on neuronal cultures using 3D environment of 
microtowers [ 18 ]  and micropillars. [ 19 ]  Moreover, the results show 
that pyrolysed carbon material in combination with 3D environ-
ment induces differentiation of hNSCs to dopaminergic neu-
rons with a twofold effi ciency than previously shown for differ-
entiation of rodent stem cells in 3D peptide nanowire scaffolds 
to dopaminergic phenotype. [ 6 ]   

  2.4.3.     Characterization of the Dopaminergic Properties: 
the Exocytotic Function 

 The studied hNSCs produce only dopamine since they do 
not express the enzyme dopamine-beta-hydroxylase, which is 
needed for transition into the noradrenergic and adrenergic 
pathways. [ 56 ]  Since the purpose is to determine the fate of an 
entire cell population, whose evaluation with exocytosis meas-
urements is statistically signifi cant, [ 57 ]  single-cell measure-
ments with, for example, CFMEs, are not applicable in this 
study. Here, we show amperometric detection of the released 
dopamine from depolarized hNSCs cultured in the presence 
of GF and DF (presented as the charge in Figure  5 n). Simi-
larly as for the PC12 cell experiments (Figure  4 b), the results 
clearly demonstrate that the 1.4–µm pillar p3D-carbon func-
tions as a very effi cient dopamine trap. We also see that on 
all surfaces cells have clearly acquired the capability of exocy-
totic dopamine release even when the cells were cultured in 
the presence of GF. The apparently higher charge obtained 
for differentiated hNSCs on all structures can have two expla-
nations: 1) The most apparent reason is that the imposed 
differentiation conditions increase the cells’ ability to exocy-
totically release dopamine. 2) The fact that the cells continue 
proliferation during the fi rst few days of exposure to DF [ 56 ]  
means that the total number of cells increases and thus a 
larger quantity of dopamine can be released. To differentiate 
between the signifi cance of these two contributions, further 
studies will be conducted involving methods that readily 
facilitate cell quantitation in a 3D environment (e.g., DNA 
based quantitation). 

 Mature neurons have the ability to reestablish the resting 
membrane potential and close the voltage-gated Ca 2+  chan-
nels after K + -induced depolarization, [ 56 ]  that is, they are able 
to undergo repetitive depolarization. This cellular property is 
traditionally verifi ed by fl uorescence microscopic imaging of 
Ca 2+  infl ux, as seen in Figure  5 o for hNSCs differentiated on 
PLL-coated TCPS. However, this is a characteristic feature of 
all neurons undergoing exocytosis, not only dopaminergic neu-
rons. [ 56 ]  In Figure  5 p, the effect of repetitive depolarization of 
hNSCs differentiated on fl at carbon is demonstrated using elec-
trochemical detection, verifying that the dopaminergic hNSCs 
have become mature neurons, each depolarization step leading 
to dopamine release. Immunocytochemistry gives indirect 
information that hNSCs develop into dopaminergic phenotype 
(TH + ), and Ca 2+  imaging indicates that they become mature 
neurons. However, neither method provides proof of the ability 
to exocytotically release dopamine or that dopamine releasing 
cells are mature dopaminergic neurons. This is only possible 
by electrochemical real-time detection, which is demonstrated 
to be more effi cient in the 3D environment of p3D-carbon in 
comparison with 2D electrodes.    

  3.     Conclusions 

 We have shown fabrication of pyrolysed carbon 3D scaffolds 
(p3D-carbon) dimensionally reaching the limit of UV lithog-
raphy. Application of the p3D-carbon scaffolds for differen-
tiation of human neural stem cells (hNSCs) demonstrates the 
uniqueness of pyrolysed carbon as a material. It rapidly induces 
spontaneous differentiation of hNSCs to dopaminergic neu-
rons even under conditions that conventionally are used for 
hNSC proliferation while differentiation is suppressed. More-
over, the 3D environment clearly enhances elongation of neu-
rites and formation of neuronal networks. The conductivity of 
the pyrolysed carbon enables electrochemical real-time detec-
tion of dopamine exocytosis from populations of hNSC-derived 
neurons, which is to date the fi rst demonstration of such meas-
urements on hNSCs. The results provide the ultimate confi r-
mation of the true dopaminergic phenotype and maturation. 
The 3D environment of the p3D-carbon shows an enhanced 
effi ciency in dopamine detection (dopamine trap), being able to 
detect a larger fraction of the released dopamine in comparison 
with 2D electrodes. This work represents a new direction in 
hNSC research and opens up new possibilities for construction 
of scaffolds useful in cell replacement therapy of Parkinson's 
disease, and generally in neuronal regeneration related to cen-
tral nervous system injuries, as well as implantable electrodes 
for deep brain stimulation and neurotransmitter monitoring. 
Our unique fi ndings warrant further studies on the effect of 
pyrolysed carbon as material derived from different polymeric 
precursors in combination with 3D environment on the mole-
cular level behavior of hNSC differentiation.  

  4.     Experimental Section 
  Reagents : Potassium chloride, sodium hydroxide, glucose (BioXtra), 

sodium chloride, magnesium chloride hexahydrate, calcium chloride 

Adv. Funct. Mater. 2014, 24, 7042–7052

www.afm-journal.de
www.MaterialsViews.com



FU
LL

 P
A
P
ER

7050 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dihydrate, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, 
1  M ), and formaldehyde (36% in water) (BioReagent), glutaraldehyde 
(25% in water for electron microscopy), 2-(3,4-dihydroxyphenyl)
ethylamine hydrochloride (Dopamine),  L -3,4-dihydroxyphenylalanine 
(L-DOPA), cell culture tested water, phosphate buffered saline (PBS), 
poly L-lysine hydrobromide (PLL: Mw 70 000–150 000 kDa; BioXtra), 
laminin from Engelbreth-Holm-Swarm murine sarcoma basement 
membrane, Triton X-100 (10% in water; BioUltra), goat serum, 
monoclonal mouse anti-tyrosine hydroxylase antibody (anti-TH), and 
polyclonal rabbit anti-β-tubulin (III) antibody (anti-β-tubulin) were 
purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). Alexa 
Fluor 488 goat anti-mouse IgG antibody, Alexa Fluor 568 goat anti-rabbit 
IgG antibody, and TO-PRO-3 stain were from Life Technologies Ltd. 
(Paisley, UK). 96% ethanol and absolute ethanol were from Kemetyl A/S 
(Køge, Denmark). 

  Pyrolysis : SU-8 structures were pyrolysed in a PEO-601 furnace 
from ATV Technologie GmbH (Vaterstetten, Germany) under nitrogen 
atmosphere. The protocol comprised three stages: i) Temperature 
ramping from room temperature (RT) to 200 °C followed by 30-min 
dwelling time to allow removal of residual oxygen (prevention of 
combustion at higher temperatures). ii) Temperature ramping 
from 200 °C to 900 °C followed by 1-h dwelling time to complete 
carbonization. iii) Cooling down to RT. Temperature ramping during 
heating and cooling was done at the rate of 2 °C/min. 

  Electric Contacts : Preparation of gold coated electric contacts for 
pyrolysed carbon is described in Supporting Information (S5). 

  Scanning Electron Microscopic Characterization : Imaging of carbon 
structures and growing/differentiating cells was done using a Zeiss 
Supra VP 40 microscope. Cells were fi xed for 1 hour in 2% glutaraldehyde 
(diluted in PBS), rinsed twice with PBS (15 min) and water (5 min). 
Dehydration of cell chips was performed exposing them to a series of 
ethanol-water solutions (40% to 100%; absolute ethanol). 

  O 2  Plasma-Treatment : Carbon structures were modifi ed with O 2  
plasma using a 13.56 MHz RF generator-equipped Atto Plasma 
System (Diener Electronic GmbH, Ebhausen, Germany). The chamber 
was evacuated initially to a pressure below 15 Pa, after which O 2  was 
introduced (pressure stabilization at 30 Pa) and the plasma was ignited 
(power 50 W, duration 1 min). Immediately after plasma-treatment, 
carbon structures were used for surface characterization or cell culture 
experiments. 

  Resistance Measurements : Four-point probe resistance measurements 
(lock-in technique) of pyrolysed carbon were performed using a CAPRES 
microRSP-M150 system with static contact microscopic probe (M4PP). 
The current set-point and frequency were 200 µA and 13 Hz, respectively. 
All measurements showed phase change of less than 0.2 degree. The 
result of resistance measurements is presented as average ± s.e.m., 
n being the total number of analyzed positions on different carbon 
surfaces. 

  X-Ray Photoelectron Spectroscopic (XPS) Analysis : The carbon 
surfaces were analyzed using a K-Alpha spectrometer (Thermo Fisher 
Scientifi c, UK) with monochromatized 400-µm AlKa X-ray spot (pass 
energy: 200 eV for survey spectra). Analysis was conducted before and 
immediately after plasma-treatment. The Avantage software package 
(v4.84) facilitated elemental composition analysis. All the results of 
elemental composition analysis are presented as average ± s.d. ( n  = 3). 

  Contact Angle (CA) Measurements : Static CA at the carbon structures 
was measured with water as the wetting agent (2-µL drop) before and 
immediately after plasma-treatment using an OCA 20 goniometer 
controlled by SCA-20 software package (DataPhysics Instruments 
GmbH, Filderstadt, Germany). All the results of CA measurements are 
presented as average ± s.e.m.,  n  being the total number of analyzed 
positions on different carbon structures. 

  Dopamine Electrochemistry on Carbon Structures : 5 m M  dopamine 
solutions for cyclic voltammetric (CV) characterization were prepared 
immediately before use in nitrogen purged PBS (20 min). The CVs 
were acquired using a micromilled poly(methyl methacrylate) (PMMA) 
chip holder (Supporting Information S6), having a 70-µL vial for 
each quadrant of the silicon chip with carbon structures (Supporting 

Information S5). Electric connections to the potentiostat (CHI 1030 
from CH Instruments Inc., Austin TX, USA) were formed as described in 
the Supporting Information (S5 and S6). An Ag/AgCl wire and a Pt wire 
were used as the pseudo reference electrode (RE) and counter electrode 
(CE), respectively. 

  Culturing of Rat Pheochromocytoma (PC12) Cells : PC12 cells were 
grown and differentiated as described elsewhere [ 14 ]  (details in Supporting 
Information S7). 

  Culturing of Human Neural Stem Cells (hNSCs) : Cells from the 
immortalized human ventral mesencephalic cell line overexpressing 
Bcl-XL (hVM-Bcl-XL) were cultured as described elsewhere [ 4,5 ]  (details in 
Supporting Information S8). 

  Preparation of Carbon Structures for Cell-based Experiments : The silicon 
chips with carbon structures (Supporting Information S5) were oxygen 
plasma-treated unless otherwise stated. The chips and chip holders 
(Supporting Information S6) were sterilized by immersion in 96% 
ethanol (10 min) and 0.5  M  NaOH (30 min), respectively, followed by 
rinsing three times with PBS and coating with laminin (20 mg/mL in 
PBS, 3 h; for PC12 cells) or PLL (10 µg/mL in PBS; 3 h; for hNSCs) to 
promote cell adhesion. Cells were seeded onto the coated electrode 
chips at the density 150 000 cells/cm 2  (PC12 cells) and 30 000 cells/
cm 2  (hNSCs). Chips with different carbon structures (fl at surfaces and 
p3D-carbon scaffolds) were prepared in parallel for all experimental 
conditions (SEM imaging, immunocytochemistry with confocal 
microscopic imaging and electrochemical exocytosis measurements). 

  Exocytosis Measurements : The low-K +  buffer (10 m M  HEPES, 5 m M  
glucose, 1.2 m M  MgCl 2 , 2 m M  CaCl 2 , 150 m M  NaCl, and 5 m M  KCl), 
and high-K +  buffer (same as low K +  buffer but 5 m M  Na +  and 450 m M  
K + ) were sterile fi ltered (0.2-µm syringe fi lter). Fluid additions during 
measurements were facilitated using the open vial of the chip holder. 
Before exocytosis measurements, a baseline current was recorded in 
55 µL of the low-K +  buffer. Two platinum wires served as RE and CE. 
The carbon-working electrode (WE) was poised at 350 mV vs RE. 
After recording a stable baseline, exocytosis was triggered by pipetting 
15 µL of the high-K +  buffer directly into the vial to elevate the K +  
concentration to 100 m M . The current–time traces corresponding to 
the released dopamine were obtained immediately after triggering 
exocytosis. Exocytotic events were recorded in each quadrant of the 
silicon chips with carbon structures (Supporting Information S5). The 
amperometric recordings were performed at room temperature (RT; 
≈22 °C) using a CHI 1030 potentiostat. Integration of the recorded 
current was performed using the function provided in the software 
of CHI electrochemical analyzer (v. 8.17) by the manufacturer CH 
Instruments. The  i – t  curves were integrated in the time interval of 
60 s for all conditions and carbon structures (fl at and p3D-carbon). The 
results are presented as average ± s.e.m. ( n  = total number of different 
carbon structures having a cell population). The dopamine load in PC12 
cells was increased by 1-h incubation in fresh medium containing 100 
µ M  L-DOPA before the measurements. [ 14 ]  

  Live-Cell Ca 2+  Imaging : Ca 2+  infl ux studies were performed as 
described elsewhere [ 7 ]  (details in Supporting Information S9). 

  Immunocytochemistry and Confocal Microscopy : Cells were fi xed for 
15 min at RT in 4% formaldehyde (in PBS) followed by rinsing with 
PBS (three times for 5 min). To permeabilize cell membranes and block 
unspecifi c binding of antibodies, the fi xed cells were incubated at RT for 
1 h in PBS containing 10% goat serum and 0.25% Triton X-100. After 
removal of the blocking solution, the cells were incubated with primary 
antibodies (anti-TH and anti-β-tubulin; both diluted 1:1000 in PBS 
containing 1% goat serum and 0.25% Triton X-100) overnight at 4 °C 
followed by rinsing for 10 min in each of the rinsing solutions (1° PBS 
containing 1% goat serum and 0.25% Triton X-100; 2° PBS containing 
0.25% Triton X-100; 3° PBS). Incubation with secondary antibodies 
(anti-mouse and anti-rabbit; both diluted 1:200 as described for primary 
antibodies) was done at RT for 30 min followed by rinsing with PBS 
(twice for 10 min). Cell nuclei were counterstained with TO-PRO-3 
(diluted 1:500 in PBS) for 10 min followed by rinsing in PBS (three times 
for 10 min) and water (5 min). Confocal laser scanning microscopy was 
performed using a Leica TCS SP5 microscope (Leica Microsystems, 
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Wetzlar, Germany) equipped with a 50×/0.75 W objective. Five images 
were acquired from each prepared cell population on a carbon chip or 
TCPS (randomly chosen locations). A 488-nm Ar laser, 543-nm HeNe 
laser, and 633-nm HeNe laser was used for exciting Alexa Fluor 488, 
Alexa Fluor 568, and TOPRO-3, respectively. All the acquired images 
were analyzed and treated using Imaris software package (v7.4.2) 
(Bitplane AG, Zürich, Switzerland). 

  Percentage of TH-Positive (%TH + ) hNSCs : To determine%TH +  hNSCs 
in a population, the cells were counted after immunocytochemistry and 
confocal microscopic imaging as described above for TH and nuclei (to 
yield the total number of cells). Cells in the fi ve representative images 
acquired for each population on a carbon chip or TCPS were counted 
using Imaris software package. Each image comprised a  z -stack with 
dimension of 20–25 µm (the thickness of each plane was 0.6 µm). All 
the calculated values of%TH +  are presented as average ± s.d. ( n  = 5). 

  Statistical Analysis : Statistical comparison of%TH +  hNSCs in 
populations of growing and differentiating cells on different carbon 
structures was performed using two-way ANOVA ( α  = 0.05) function 
in Origin (v8.6) (OriginLab Corporation, Northampton, MA, USA).  p  
values < 0.05 were considered statistically signifi cant. Variances in all 
compared populations were statistically similar. Additional details of the 
statistical analysis are described in the Supporting Information (S3).  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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